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Bacteria and other microorganisms have evolved an ingenious form of life, where they

cooperate and improve their chances of survival when subjected to environmental stress,

called biofilms. In these communities of adhered cells, bacteria are protected by a matrix

of extracellular polymeric substances that provide protection against e.g., temperature

and pH fluctuations, UV exposure, changes in salinity, depletion of nutrients, antimicrobial

compounds, and predation. Their success in marine environments and the number of

bacterial cells in the sea, allow them to colonize nearly all man-made surfaces in contact

with seawater. The costs to maritime transport, aquaculture, oil and gas industries,

desalination plants and other industries are significant which has led to the development

of various strategies to prevent biofilm formation and cleaning of infected surfaces. In this

review, the benefits for bacterial cells to live in biofilms and the consequences to human

activities are discussed.
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INTRODUCTION

Bacteria play important roles in marine environments, including driving biogeochemical cycles
(Paerl and Pinckney, 1996; Hawley et al., 2017) and supplying materials and energy to higher
trophic levels (Azam et al., 1983; de Carvalho and Caramujo, 2012). The phenotypic plasticity of
bacteria is responsible for their success and ubiquity (Brown and Williams, 1985; López-Maury
et al., 2008). Although genotypic evolution may contribute a significant selective advantage to
environmental stimuli, phenotypic plasticity allows bacteria to grow and thrive under fluctuating,
challenging conditions such as those found in the marine environment (Bijlsma and Loeschcke,
2005; Brooks et al., 2011).

One of the most successful phenotypes derives from the adhesion of bacterial cells to
surfaces. After adhesion, bacterial cells produce an extracellular polymeric substance (EPS) matrix,
establishing the formation of a biofilm (Costerton et al., 1978, 1995; Flemming and Wingender,
2001, 2010; Steinberg and Kolodkin-Gal, 2015; Flemming, 2016). This strategy has protected cells
for billions of years from environmental conditions, as fossils demonstrate (Rasmussen, 2000;
Westall et al., 2001), and has allowed them to colonize nearly all habitats on Earth. An attached cell
may benefit from features of the solid-liquid interface, in particular, the hydrodynamic conditions
and nutrients adsorbed at the surface (Fletcher, 1991).

The observation that the number of bacteria in stored raw seawater in the laboratory increased
greatly and faster in small samples than in larger volumes led ZoBell and Anderson in 1936 to
test if the number of cells was related to the volume of the flasks used for cell growth (ZoBell and
Anderson, 1936). They used Pyrex bottles with similar geometries and containing 10–10,000mL
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of raw sea water and assessed the effect of liquid volume, oxygen
and surface area per unit volume on the number of bacteria.
The authors observed a dramatically higher number of bacteria
on surfaces when compared to sea water, and acknowledge the
importance of solid surfaces to cell growth and activity. A few
years later, ZoBell showed that many bacteria found in seawater
are sessile and produce a “mucilaginous holdfast” (ZoBell, 1943).
However, it was only in 1978 that Costerton and co-workers
proposed a “biofilm theory” (Costerton et al., 1978). Since then,
both mechanisms involved in biofilm formation and methods to
demote and prevent biofilms have been widely studied (see e.g.,
Donlan, 2001; de Carvalho and de Fonseca, 2007; Landini, 2009;
de Carvalho, 2012b; de la Fuente-Núñez et al., 2012; Gu et al.,
2013; Rabin et al., 2015).

Biofilms have been referred to by several terms, including
periphyton and mycrophytobenthos. The term periphyton
was proposed by Behnin in 1924 and was used to describe
organisms growing attached to artificial surfaces in water (Cooke,
1956). Periphyton is defined as a complex community mainly
composed of photoautotrophic algae, heterotrophic bacteria,
fungi, protozoans, metazoans and viruses, and inorganic and
organic detritus, which is attached to inorganic or organic
benthic substrates. This term is frequently used in freshwater
ecology and aquaculture pond systems. On the other hand,
microphytobenthos is used in marine ecosystems to describe
the photosynthetic microorganisms, such as cyanobacteria
and eukaryotic algae, that adhere to illuminated sediments
(MacIntyre et al., 1996). Nevertheless, various definitions of
these terms, such as the definition of periphyton communities as
complex phototrophic, multispecies biofilms attached to surfaces
in aquatic environments, including marine habitats (Sanli et al.,
2015), can be found in the literature. For this reason, the broader
term “biofilm” will be used throughout this manuscript.

Biofilms usually start with the adhesion of bacterial cells which
modify the surface physicochemical properties, thus influencing
the adhesion of successive colonizers such as algae, cyanobacteria,
and protists (Wetzel, 2001; Dang and Lovell, 2016). The
adsorption of macromolecules to a surface starts within seconds
after immersion, bacterial colonization begins after ca. an hour,
and colonization by unicellular eukaryotes (e.g., diatoms, yeasts,
and protozoa) usually starts several days after immersion (Wahl,
1989). Colonization by multicellular eukaryotes follows. Bacteria
and diatoms have been found to dominate marine biofilms but
the ratio bacteria:diatoms:flagellates observed in biofilms in the
White Sea was 640:4:1 (Railkin, 2003). Bacteria of the order
Rhodobacterales, in particular of the Roseobacter clade, were
found to be primary colonizers on freshly submerged surfaces
probably due to a fast response to the presence of nutrients in
the conditioning film formed (Dang et al., 2008). In fact, bacteria
have been found to be the most important microbes on marine
surfaces and, by being early colonizers, these cells may determine
the structure and function of the mature biofilm (Dang et al.,
2008; Dang and Lovell, 2016).

The challenging conditions to microbes found in marine
environments favor their aggregation and adhesion to both
natural and man-made surfaces. Numerous compounds
accumulate on submerged surfaces and biogenic particles

consist mainly of carbon rich skeletal remains of e.g., planktonic
organisms (Costerton et al., 1995; Dang and Lovell, 2016; Furey
et al., 2017). These compounds may be used by bacteria as
e.g., carbon and energy sources, micronutrients, and electron
donors/acceptors in metabolic reactions. The most important
advantage for bacteria in marine biofilms is, probably, the access
to these resources (Costerton et al., 1995; Dang and Lovell,
2016). However, biofilms also protect individual cells against
environmental stress, including desiccation, temperature and pH
changes, competition and predation, UV exposure, and depleted
nutrient conditions (Figure 1).

Marine biofilms easily colonize man-made surfaces,
accelerating corrosion (Little et al., 2008), biofouling (Cao et al.,
2011), and may even influence the buoyance of polyethylene
plastic (Lobelle and Cunliffe, 2011). Together with diatoms and
other microorganisms, bacteria are responsible for microfouling,
allowing the adhesion of larger organisms such as algae, mussels
and barnacles which cause macrofouling (Cao et al., 2011).
The costs to several industries are substantial (Table 1). The
environmental impact of biofouling is also significant. Besides
indirect repercussion from increased energy consumption
necessary to e.g., overcome increased frictional drag and heat
and mass transfer limitations (Schultz et al., 2011), biofouling
organisms reduce water flow and increase biodeposition beneath
aquaculture farms (Fitridge et al., 2012), and may be fish
pathogens (Floerl et al., 2016). The strategies to prevent cell
adhesion and biofilm formation usually involve the use of an
antimicrobial/antiadhesion coating, release of a toxic agent such
as metal ions at the surface or smart surfaces (de Carvalho and
de Fonseca, 2007; de Carvalho, 2012b). The environmental fate
and effects of these biocides should also be considered during
biofouling management and control.

MARINE BIOFILMS PROTECT BACTERIA
FROM HARSH ENVIRONMENTAL
CONDITIONS

The heterogeneous character of marine environments constitutes
a challenge for bacterial survival. A non-motile bacterium with
an average cell diameter of 0.4–2µm may uptake nutrients from
the diffusion boundary layer which typically spans a few cell
diameters, with Brownian diffusion allowing the cells to explore
ca. 45 pL of seawater in 10min (Stocker, 2012). A swimming
bacterium may experience 0.5 µL of new water every 10min,
while a chemotactic velocity of 10 µm/s may allow the cell
to travel 6mm in 10min. As noted by Stocker, even a mL of
seawater may be quite heterogeneous because (i) the substrates
necessary are heterogeneous at microbial scale (e.g., 10–1,000µm
oil droplets and 50–5,000µm gas bubbles), (ii) turbulence creates
gradients of e.g., dissolved organic matter at the microscale,
and (iii) chemical and physical gradients, including viscosity,
fluid velocity and salinity gradients, occur due to polymer
webs, turbulent shear, and release of interstitial fluid carried
by porous materials (Stocker, 2012). One must bear in mind
that small organisms are passively transported by sea currents
and their chemotaxis toward a surface can only occur if the
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FIGURE 1 | Bacterial biofilms provide protection to indicidual cells against e.g., desiccation in intertidal zones (A) and predation (B).

TABLE 1 | Estimated costs due to biofilm formation in industrial activities.

Industry Problem Estimated cost References

Aquaculture Fouling of both stock and infrastructures 1.5–3 billion US dollars per year Fitridge et al., 2012

Biofouling on fish cages and shellfish sites 5–10% of the industry value in Europe (ca. 260

million euros per year)

Lane and Willemsen, 2004

Heat exchange Decreased heat transfer and induced

corrosion

ca. 7.5% of maintenance costs of a process plant Ibrahim, 2012

Oil and gas industry Microbial influenced corrosion 20–30% of corrosion-related costs Skovhus et al., 2017

Maritime transport Increased drag 35–50% increased fuel consumption Schultz et al., 2011

Fouling of ballast water with

non-indigenous species

1.6–4% of annual operational cost for a ship Fernandes et al., 2016

Water desalination Biofouling of reverse osmosis membranes 5–20% of operational costs for cleaning; cost of

biofouling ca. 30% of total operating costs

Flemming, 1997; Maddah and Chogle,

2017

microorganism is close to the surface (Railkin, 2003). However,
the low probability of the encounter between a given cell and
a surface is counteracted by the number of microorganisms in
natural seawater, estimated at 5× 105 cells/mL in the continental
shelf and upper 200m of open ocean water (Whitman et al.,
1998).

Bacterial cells can also present multicellular structures, such
as chains that result from incomplete separation of daughter
cells after cell division, cell aggregates, and clusters. The benefits
for cells in large size filaments and clusters include: reduced
susceptibility to predators; and improved nutrient acquisition
since enzymes necessary to metabolize complex substrates may
be used to feed neighboring cells (Claessen et al., 2014). To
survive predation, cells in biofilms may produce antipredator
chemicals such as violacein which is a potent antiprotozoal
compound (Matz et al., 2008). Furthermore, marine bacteria may
present a diverse range of phenotypes and cell-cell interactions.
For example, strain SW5 isolated from surfboard wax formed
a compact, multilayered single- and double-cell biofilm on
hydrophobic surfaces (Dalton et al., 1996). However, this strain
developed long, multicellular chains on hydrophilic surfaces.

Access to nutrients may vary substantially in the marine
environment: open ocean water is usually nutrient depleted
whereas coastal and estuarine regions may be nutrient rich
(Giraud et al., 2008). Between marine bacteria two major groups

have emerged depending on the optimum nutrient concentration
for growth: oligotrophs thrive in low nutrient concentration
whilst copiotrophs require nutrient rich environments. However,
bacteria express multiple transporters, suggesting an adaptation
to gradients of dissolved organic matter (Azam et al., 1995;
Azam and Malfatti, 2007). Organic matter in seawater contains
large amounts of transparent gels, in the form of colloids,
mucous sheets and bundles, produced by microorganisms and
phytoplankton. Bacterial cells may have an easy access to this
nutrient pool by attaching to the gels and hydrolyzing the
nutrients using cell-surface hydrolases (Smith et al., 1992; Azam
et al., 1995; Long and Azam, 1996; Azam and Malfatti, 2007).
These transparent exopolymer particles not only act as support
for bacterial colonization, but also adsorb and transport solutes,
aggregate solid particles and, by promoting the sedimentation
of particles, contribute to the fluxes of carbon into deep water
(Kiørboe, 2000; Passow, 2002).

Bacterial aggregates were also involved in the return to the
seafloor of hydrocarbons released during the largest marine oil
spill following the Deepwater Horizon accident (Passow, 2016).
Although the lower density of hydrocarbons led them toward
the surface, a significant fraction returned to the seafloor in a
process mediated by marine snow which also contains decaying
material. Three to four weeks after the spill, uncommonly large
marine snow particles (in the mm to cm scale) were abundantly
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sinking (Passow et al., 2012). Laboratory experiments suggest that
bacteria actively participated in the formation of mucus webs
while using some of the components of the oil, concomitantly
to the formation of aggregates due to collision and sticking of
particles and to the action of cyanobacteria (Passow et al., 2012).

Particle associated bacteria are metabolically more active
than planktonic cells, presenting high hydrolytic enzymatic
activities (Smith et al., 1995). Several bacterial strains, such as
those belonging to Roseobacter, produce acylated homoserine
lactones as communication signals when attached to marine
snow aggregates (Gram et al., 2002). Quorum sensing molecules,
either retrieved directly from marine snow particles present in
surface water or produced by Pantoea ananatis B9, which also
colonizes natural snow particles, can enhance the performance
of extracellular hydrolytic enzymes such as alkaline phosphatase
(Jatt et al., 2015). In fact, hydrolytic pathways involving
phosphatases, aminopeptidases and lipases can be influenced
within a few hours of contact with acylated homoserine lactones,
indicating that microorganisms can dynamically adjust their
metabolic pathways as response to quorum sensing (Krupke et al.,
2016).

The extracellular polymeric substances (EPS) produced by
the microorganisms have similar roles both in marine snow
and in biofilms: besides adsorbing and transporting solutes and
microorganisms, they also act as a protective “roof” for cells,
especially in extreme environments. The organization provided
by the EPS helps (i) the entrapment of nutrients and toxic
compounds, (ii) the activity and stabilization of extracellular
enzymes by buffering pH and salinity fluctuations, (iii) quorum
sensing, (iv) exchange of genetic information, (v) physical
anchorage, and (vi) protection from predation (de Carvalho and
Fernandes, 2010; Decho and Gutierrez, 2017).

EPS are not only composed of polysaccharides, but also
of proteins and in some cases lipids, nucleic acids and
other biopolymers (Flemming and Wingender, 2001). Most
marine bacteria produce heteropolysaccharides with 3–4
different monosaccharides, such as pentoses, hexoses, uronic
acids or amino sugars, arranged in groups of repeating
units (Decho and Gutierrez, 2017). The thermophilic
bacterium Bacillus thermoantarcticus produces a sulfate
heteropolysaccharide containing mannose and glucose, and a
sulfate homopolysaccharide containing mannose as the major
component (Manca et al., 1996). Sulfates, phosphates and uronic
acids present in EPS are ionizable and may interact with cations
such as Fe2+, Cu2+, and Zn2+ (van der Merwe et al., 2009),
increasing the concentration of metal ions necessary for the cells
in oligotrophic conditions found inmany extreme environments.
The EPS of thermophilic strains such as Geobacillus tepidamans
may present unusual properties such as stability to high
temperatures: the purified EPS showed thermal degradation at
280◦C (Kambourova et al., 2009). During a study conducted
from austral winter to early spring in the East Antarctic sea it was
found that the production of EPS per unit of biomass was higher
in the colder sections of the ice cores, suggesting a cryoprotectant
role for sea ice biota (van der Merwe et al., 2009).

The protection provided by EPS must compensate for the
large carbon and energy investment necessary for its production.

This is valid at the cellular level but also for a biotechnological
application: to reach market, the EPS must be produced at high
yields, and be able to compete with synthetic petrochemical
products in terms of properties and cost (Nicolaus et al., 2010).
Nevertheless, there is a clear interest in EPS from extremophiles
for biotechnological applications (for reviews see Nichols et al.,
2005; Nicolaus et al., 2010; Poli et al., 2011).

Among the best examples of protection provided by biofilms
is the high survival rate of microorganisms in intertidal zones,
with biofilms conferring protection against temporary stress
caused by UV exposure, temporary dehydration, competition
and limited access to nutrients (Ortega-Morales et al., 2010).
In these environments, where cells experience rapid cold/hot
temperature, high/low salinity, dried/immersed conditions, UV
exposure and pH changes, the cells use the ability to maintain an
adequate fluidity of the cellular membrane by changing the fatty
acid profile of the phospholipids (de Carvalho and Caramujo,
2012). Several strains, e.g., Shewanella colwelliana and Vibrio
splendidus, producing polyunsaturated fatty acids have been
isolated from anoxic intertidal sediments (Freese et al., 2009).
Besides, microorganisms in biofilms and mats also produce
mycosporine-like amino acids (MAAs) and carotenoid pigments
which protect them against UV radiation, free radicals, salinity,
pH, temperature, radioactive compounds and reactive oxygen
species (de Carvalho, 2017; de Carvalho and Caramujo, 2017).

Biofilms provide protection against UV radiation by
restricting penetration of the radiation through the biofilm
matrix (de Carvalho, 2017). This protection could have also
provided safety from the extreme and fluctuating temperature,
pH and UV radiation of the primitive Earth (Hall-Stoodley et al.,
2004). The production of specialized lipids by extremophiles
found in hot vents, icy waters near the poles, acidic and alkaline
waters and brines, also plays an important role (de Carvalho and
Caramujo, 2012). Several psychrophilic bacterial strains contain
polyketide synthase, a novel enzyme family necessary for the
production of polyunsaturated fatty acids at low temperatures,
whilst Thermotoga maritima, which grows at 90◦C, contains a
novel glycerol ether lipid called 15,16-dimethyl-30-glyceryloxy-
triacontanedioic acid (De Rosa et al., 1989; Metz et al., 2001).
Besides, bacterial cells may adjust their fatty acid profile during
biofilm formation on metallic and non-metallic surfaces,
resulting in diverse biofilm architectures (Rodrigues and de
Carvalho, 2015).

MARINE BIOFILMS CAUSE BIOFOULING

Bacteria form multispecies biofilms with other microorganisms.
Bacteria and microalgae are responsible for microfouling and
allow the adhesion of larger organisms such as algae, mussels
and barnacles which cause macrofouling (Figure 2). They adhere
to almost all surfaces immersed in seawater, such as pipes
and ship hulls. The costs associated with biofilms attached
to ship hulls are mainly due to increased fuel consumption
resulting from higher frictional drag, although the costs for
hull cleaning, coating and painting may also be considerable. It
was estimated in 2010, by the US Navy, that the overall cost
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FIGURE 2 | Micro and macrofouling enhance corrosion of materials in the marine environment. (Left) Anchor windlass (Right) Ship hull.

related to hull fouling for the entire mid-sized naval surface
ship class DDG-51 was 56 million dollars per year and for
the entire US Navy surface fleet was calculated to be 180–
260 million dollars (Schultz et al., 2011). Although organisms
such as mussels and barnacles are responsible for macrofouling,
and thus for the diminished hydrodynamic performance of a
ship, microorganisms contribute to microfouling, and have an
important role in surface colonization.

Microfouling studies have described the following sequence of
microbial colonization: bacteria, yeast, heterotrophic flagellates,
diatoms and ciliates in artificial substrates in the Black
Sea; bacteria, diatoms, autotrophic flagellates, heterotrophic
flagellates and ciliates in the White Sea and Miami Beach
in the Atlantic Ocean; bacteria, diatoms and protozoa in
metallic surfaces (Redfield and Deevy, 1952; Gorbenko, 1977;
Little and Wagner, 1997; Railkin, 1998, 2003). However, it
has also been shown that diatoms can attach directly to clean
surfaces such as stainless steel and glass just after a few hours
of immersion (Cooksey and Wigglesworth-Cooksey, 1995).
Nevertheless, considering that 1 µL of surface seawater may
contain ca. 10,000 viruses; 1,000 bacteria; 110 cyanobacteria; 10
eukaryotic algae and 10 protists (Azam and Malfatti, 2007), not
only cell-surface but also cell-cell interactions should influence
adhesion. Karpov et al. (2012) proposed the following types of
biofilms observed during the first stage of fouling: type I is a film
containing only living and dead bacterial cells over a surface; type
II is a film of diatoms deposited on top of the bacterial layer;
and type III is formed when related species settle on top of the
diatom layer (Karpov et al., 2012). The latter type reached 4.5mm
in 10–15 days on surfaces immersed in the tropical South China
Sea.

High-throughput DNA sequencing technologies have
confirmed the importance of bacteria in biofilms in artificial
surfaces and the resistance of these cells to surfaces with
antimicrobial coatings. Proteobacteria and especially γ-
proteobacteria dominated biofilm communities colonizing
artificial surfaces in Toulon and Lorient, France (Briand et al.,
2017), and in Mauritian coastal waters (Rampadarath et al.,
2017). DNA metabarcoding showed that the proportion of
γ-proteobacteria increased and dominated artificial surfaces with

cupreous anti-fouling coating treatments (von Ammon et al.,
2018).16S rRNA gene metabarcoding showed that proteobacteria
dominated bacterial communities in used reverse osmosis
membranes in a desalination plant, with β-proteobacteria being
found in severely fouled membranes (Nagaraj et al., 2017).
However, the community composition and diversity obtained
by high throughput DNA sequencing technologies of biofilms
is dependent on the DNA extraction method selected (Corcoll
et al., 2017). As noted by Corcoll et al., biofilm EPS may bind
DNA, while extraction methods may present different capacities
to extract DNA from microorganisms with strong membranes
and/or cell walls.

Bacteria can also easily colonize pipes and heat exchangers
where they stimulate the settlement of the larvae of invertebrates
(Railkin, 2003). As presented in a review, biofilms in general
induce larval and spore settlement of macrofoulers, although
negative and neutral effects have also been reported (Salta
et al., 2013). However, the contradictory effects may result
from differences in experimental procedures used in the
few studies dedicated to assess the effect of biofilms on
macrofouling settlement. Nevertheless, the local environmental
and hydrodynamic conditions seem to influence both micro and
macrofoulers.

Curiously, containerships which travel at relatively high
speeds and remain in ports for short periods seem to be less
colonized than other types of ships (Davidson et al., 2009). In
a study involving 22 containerships, in San Francisco Bay, with
submerged surface areas larger than 7,000 m2, less than 1% of
the exposed hull was colonized except in one vessel which had
nearly 90% of the hull covered (Davidson et al., 2009). The latter
ship was significantly smaller than its counterparts, had shorter
voyage range and traveled at slower speeds. It was also found that
organisms, primarily green algae and barnacles but also hydroids,
bryozoans, bivalves and ascidians, were mainly positioned in
protected areas such as rudders, stern tubes, and intake gratings.

One important characteristic of biofilms is their ability
to change the properties of the surface to which they are
attached. However, it has also been shown that different species
present diverse morphologies and cell-cell interactions while
colonizing hydrophobic and hydrophilic surfaces and their early
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colonization behavior may not be sufficient to predict subsequent
biofilm development (Dalton et al., 1996). Formation of natural
films containing organic matter, and especially of biofilms, on
surfaces immersed in seawater can change the adhesion force-
interfacial energy: while strong hydrophobic interactions can be
reduced, weaker forces on hydrophilic surfaces can be enhanced
(Johnson andAzetsu-Scott, 1995). To study the physico-chemical
properties of the cell surfaces of early adherent marine bacteria,
Grasland et al. determined the hydrophilic, electrostatic and the
Lewis acid-base interactions (Grasland et al., 2003). The authors
found that of the 16 bacterial strains tested, 11 possessed a
hydrophilic surface and 5 showed a weak or strong hydrophobic
surface, but they all adhered to a hydrophilic support after
6h of immersion. In addition, all strains showed an isoelectric
point between 2.2 and 3.4 and were negatively charged at the
pH of seawater but some could not generate Lewis acid-base
interactions although the majority of the strains possessed an
electron-donating character.

One of the largest problems mankind will have to solve in
a near future is the supply of drinking water to a growing
world population. One of the main technologies for producing
fresh water uses saline water and wastewater treated by reverse
osmosis. In this process, water passes through a membrane
(made of e.g., cellulose acetate, triacetate, or cellulose diacetate)
which rejects dissolved compounds in the feeding water. If these
solutes adsorb reversibly or irreversibly to the membrane, an
increased overall membrane resistance is observed and fouling
or biofouling occurs, depending on the chemical nature of the
compounds adsorbed (Al-Ahmad et al., 2000). Biofouling is the
most serious problem because it decreases water flux, increases
pressure drop in the membrane modules, decreases salt rejection,
and leads to membrane biodegradation and failure (Al-Ahmad
et al., 2000; Peña et al., 2013).

In a study conducted to identify the bacteria responsible
for membrane biofouling in seawater reverse osmosis, samples
from 5 desalination plants located in diverse parts of the
world were collected (Zhang et al., 2011). The results showed
that bacterial communities from the membranes were not
similar but some dominant bacteria were commonly observed,
whereas bacterial populations in the source seawater were
significantly different and dependent on location and season.
Autopsies of 500 membrane elements showed that the main
reason for membrane fouling in 60% of the membranes
was biological/organic and particulate/colloidal matter, while
inorganic fouling was observed in 22% of the membranes,
and metals in 10% (Peña et al., 2013). In 30% of membranes
with biofilms, fouling on the spacer was also observed, in
37% of membranes lower flow values were attained, and in
47% poor salt rejection was observed. However, membranes
with biofilms have minor physical integrity failures indicating
that their performance could be recovered by cleaning.
Membrane scaling andmetal fouling cause significant irreparable
damage.

The very high demand for cooling water and the increased
value of freshwater have favored the location of power plants in
coastal areas where seawater is available at low costs. However,
the problems related to biofouling of heat exchanger units are

considerable. On heat exchangers, biofouling decreases heat
transfer efficiency. The thermal conductivity of iron oxide is
2.9 Wm−1K−1 but for biofilm the corresponding value is 0.6
Wm−1K−1 (Flynn, 2009), making the latter evenmore insulating.
Furthermore, biofouling causes scaling and corrosion because,
as the biofilm thickens, less oxygen is accessed by the cells
next to the tube wall. Bacteria such as sulfate-reducing strains
generate metabolites that attack the metal in a process called
microbiologically influenced corrosion. Studies carried out in the
1980s and early 1990s, estimated that the costs of cleaning, fluid
treatment, replacement of parts and loss of production due to
heat exchanger fouling is ca. 0.25% of the GDP of industrialized
countries (Müller-Steinhagen et al., 2005; and references within).
For a process plant, the estimated cost for repairing heat
exchangers and boilers is ca. 15% of the maintenance costs, and
about half of this value is due to fouling (Ibrahim, 2012).

MARINE BIOFILMS CAUSE
BIOCORROSION

The Worldwide Corrosion Authority, NACE International,
estimated in 2016 that the global cost of corrosion is ca.
2.5 trillion USD (NACE_International, 2016). The impact of
corrosion was found to be particularly important in oil and gas
production, storage and transportation, and drinking and waste
water industries.

Microbes have an important role in bioremediation of oil
compounds, but microbial contamination of oil and natural gas
facilities is undesired because theymaymetabolize hydrocarbons,
change sulfur content, and influence oil density and viscosity.
The anaerobic conditions found in the oil industry, combined
with the large availability of substrates for microorganisms
(e.g., hydrocarbons and organosulfur compounds), favor the
appearance of biofilms causing microbial influenced corrosion
(Vigneron et al., 2016; Abu Bakar et al., 2017; Li et al.,
2017). However, aerobic microorganisms such as Pseudomonas
sp. SS304 may also induce corrosion (Yuan et al., 2008). In
samples from 3 anaerobic biofilms collected inside a heavily
corroded steel pipe in an offshore oil facility in the Gulf of
Mexico, bacteria represented more than 98% of the microbial
population estimated by qPCR but archaea species could also
be detected (Vigneron et al., 2016). Bacteria was represented
mainly by the genus Desulfovibrio. Sulfate-, elemental sulfur-,
and iron-reducing microorganisms were the main population
in the biofilms and were probably responsible for the high
corrosion rate observed and for the corrosive products detected.
Acetic acid producing bacteria such as Acetobacter spp. and
Gluconacetobacter spp. have been identified as main contributors
to corrosion in tanks containing fuel-grade ethanol (Williamson
et al., 2015), while hydrogen sulfide producing strains of the
genus Acidithiobacillus were found able to corrode concrete
sewers (Jiang et al., 2016). Nevertheless, several bacterial strains
with corrosion-protecting effects have been identified: Vibrio
neocaledonicus reduced corrosion of ASTM A36 steel by 64-
fold (Moradi et al., 2015); and Pseudomonas S9 and Serratia
marcescens EF190 decreased corrosion of ASTM A619 carbon
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steel under aerobic conditions (Pedersen and Hermansson,
1989). The three possible mechanisms that may be related to
the inhibition of biofilm-induced metal corrosion are: removal of
toxic compounds; inhibition of growth of microbes responsible
for corrosion by their non-corrosive counterparts; and formation
of a protective layer by overproduction of EPS by non-corrosive
microbes (Zuo, 2007).

PREVENTING BIOFOULING AND
BIOCORROSION

The International Maritime Organization has established a series
of guidelines, published as resolution MEPC.207(62), for the
control and management of biofouling of ships aiming at
preventing the transfer of invasive aquatic species (IMO, 2011).
The implementation of an effective biofouling management
regime includes a management plan and record book for each
ship containing e.g., information regarding susceptible places for
colonization, scheduled of planned inspections, and anti-fouling
treatments used.

Several preventive paints and coatings have been developed to
prevent microbial adhesion. Copper coatings, as well as coatings
with other toxic compounds such as arsenic, tin and mercury,
were used until their toxic effects to the marine environment
became known. New non-toxic “green” antifouling coatings
have been sought, and effective ones include: silicone based
materials such as poly(dimethylsiloxane) based coatings; fluorine
based materials as poly(tetrafluoro ethylene); and combined
fluorine-silicon based materials that associate the low critical
surface tension of silicon-based materials and the rigidity
of fluorinated compounds (Nurioglu et al., 2015). Graphene-
coated materials are a promising strategy since the material
surface energy and electrostatic interaction between material and
bacteria are affected at a nanomolecular scale (Parra et al., 2015).
Nevertheless, hull cleaning usually has to be done at some point
regardless of the fouling-control coating used on a ship. To avoid
decreasing the lifetime of the coating, minimum cleaning forces
should be applied, according to the adhesion strength of marine
organisms attached to the hull (Oliveira and Granhag, 2016).

A non-evasive, clean and promising technology uses
ultrasounds to control biofilm formation (Zips et al., 1990; Wang
et al., 2017; Park and Lee, 2018). A 23 kHz sinusoidal ultrasound
emitted by 6 projectors at 214 dB around the starboard shell
plane of a 96,000 m3 class drill-ship was efficient to prevent the
settlement of fouling organisms (Park and Lee, 2018). After 4
months, clean areas could be observed on the starboard side but
heavy fouling covered the port side. The different parameters
and equipment used in the several studies published complicate
the assessment of the best conditions to prevent biofouling,
however, the majority of the studies used frequencies between 17
and 30 kHz (Legg et al., 2015).

Electrolytic systems have also been applied to prevent
biofouling on ship hulls. In an underwater experiment carried
out in 1972, 36m long electrodes were fitted longitudinally to
the bilge of a 126,000 ton ship under construction (Yoshii et al.,
1972). This allowed uniform distribution of chlorine which acted

as antimicrobial agent. Cathodic protection has also been used on
ships, and a combination of cathodic protection and a coating is
regarded as the most effective antifouling process (Siewert, 2004).
The current applied to achieve cathodic protection is critical:
for bare steel in wavy and rough seas the current needed is 350
mA/m2 and after polarization 100 mA/m2 should be maintained;
for coated steel a current of 50 mA/m2 should be applied in wavy
and rough seas, and after polarization it should be decreased to
15 mA/m2 (Cicek, 2017b).

Biocides for the petroleum and gas mining industry should
present a broad spectrum of activity for extended periods,
good solubility in both water and hydrocarbons, and chemical
and thermal stability, while being environmentally friendly,
effective at concentrations below 100 ppm, and made from cheap
and accessible materials (Turkiewicz et al., 2013). A cathodic
protection current of 40 mA/m2 may be initially applied to oil
storage tanks and reduced after 2 months to 20 mA/m2 for a
period of 10 years if sacrificial aluminum anodes are used (Cicek,
2017a).

To improve the efficiency of the reverse osmosis process,
pretreatments, new modules and antifouling membranes
have been developed (Kang and Cao, 2012). Improvements
made in reverse osmosis membranes include the following:
new interfacial polymerization monomers, usually with more
functional or polar groups to increase hydrophilicity; better
polymerization processes to increase hydrophilicity, reduce
roughness and enhance antifouling by the addition of structures
such as polymer brushes; surface modification through physical
adsorption of e.g., surfactants or chemical treatment; and
surface coating with compounds that act as a protective layer
(Kang and Cao, 2012). When a biofilm is installed, membrane
cleaning may represent 5–20% of operating costs and may be
performed by chemical cleaning agents such as acids, metal
chelating agents, and enzymes (Maddah and Chogle, 2017).
Although pretreatment strategies may be efficient in removing
nearly all bacterial cells, the few that survive may multiply on
the membrane surface and cause biofouling. The preferred
pretreatment methods to disinfect the water in the feed current
include the following: oxidizing agents such as chlorine, bromine,
chlorine dioxide, hydrogen peroxide and ozone; non-oxidizing
agents such as formaldehyde, glutaraldehyde and quaternary
ammonium compounds; thermal treatment especially in systems
using direct sunlight; UV light which presents low cost and
easy implementation but may have limited efficiency due to
suspended compounds; electrical methods involving electro-
chemical techniques or pulsed electric field; and ultrasound
techniques such as acoustic cavitation (for reviews see e.g.,
Ahmad et al., 2012; Al-Juboori and Yusaf, 2012; Maddah and
Chogle, 2017).

A study conducted in the coastal waters of Kalpakkam,
India, near the Madras Atomic Power Station, which used
seawater at 35 m3 s−1 as coolant for the condenser and process
cooling water systems, suggested: high flow rates so that shear
stress surpasses the shear strength of many organisms; thermal
treatment (although the power station has to decrease activity
during the disinfection period); manual andmechanical methods
which may be costly; variations in salinity; application of ozone;
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bioactive compounds and chemical compounds such as iodine,
hydrogen peroxide and potassium permanganate, as efficient
methods to prevent micro and macrofouling (Satpathy et al.,
2010). However, biofouling control by chlorination seemed to
give the best results. It is still the most common method in
cooling water systems worldwide, although legislation in several
countries limits the concentration of chlorine that may be
applied.

Numerous strategies to prevent biofilm formation and to
remove established biofilms have been tested and developed
under laboratory conditions. Among these are the following: use
of specific enzymes such as proteases and oxidases; application
of quorum sensing inhibitors; coatings with microcapsules
containing biocides; and use of bacteriophages (for reviews see
Dobretsov et al., 2009, 2013; de Carvalho, 2012b; Sadekuzzaman
et al., 2015). However, not all of these represent strategies that
are technical and/or economical feasible at large scale in the near
future. Furthermore, the impact to the natural environment of
e.g., quorum sensing inhibitors used in aquaculture facilities, and
biocides released from coatings, is still unknown.

MARINE BIOFILMS MAY BE USED IN
BIOREMEDIATION

The ability of cells to degrade petroleum hydrocarbons has been
used for the bioremediation of contaminated polluted sites (de
Carvalho et al., 2009; Atlas and Hazen, 2011; Tyagi et al., 2011;
de Carvalho, 2012a). During the two most important accidents
in the oil industry in the US, the Exxon Valdez and the BP
Deepwater Horizon spills, microbes played a paramount role in
reducing the environmental impact in the marine ecosystems.
Contaminated sites usually have enough carbon sources but
marine environments are usually poor in nitrates, phosphates
and iron, which may limit microbial growth. The strategies used
in the two oil spills were different. An estimated 42 million liters
of heavy crude oil was spilled by the Exxon Valdez in 1989 near
the shore, and due to weather conditions and nature of the oil,
dispersants were not used and a significant part of the oil float
ashore (Atlas and Hazen, 2011). Two fertilizers were used to
enhance bioremediation, and the initial naturally oil-degrading
bacteria present at 1–5 × 103 cells/mL of seawater (1–10% of

total heterotrophic population) increased to 1 × 105 cells/mL
(40% of the total heterotrophic population) by late 1989. Between
1989 and 1991, 48.6 tons of fertilizers were applied and by June
1992 the cleanup was considered concluded. During the 2010
accident in BP’s Deepwater Horizon, an estimated 780 million
liters of light Louisiana crude oil were released (with 0.8 million
barrels being recovered before reaching the water column) at a
depth of more than 5,000m (Atlas and Hazen, 2011). One of the
strategies used was to inject dispersant directly at the wellhead at
a water depth of 1,500m. Together with the physical dispersion,
due to pressure and temperature, this resulted in a “cloud” of
dispersed oil observed between 900 and 1,300m, containing up
to 105 cells/mL. During the time oil was being released, the half-
life of alkanes ranged between 1.2 and 6.1 days in the “cloud,” and
the concentration of polynuclear aromatic hydrocarbons was less
than 1.0 ppb at a distance of ca. 30 km.

FINAL REMARKS

Several of the methods used by the different industries are
satisfactory to minimize the impact of biofilms. However, in most
cases, only substitution of expensive equipment or parts can
solve the problem. The quest for novel and environment friendly
methods to prevent biofilm formation and to clean infected sites
and materials may be a long-running one, as fossils of biofilms
with more than 3 billion years old show the success of these
microbial communities and their adaptability.
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